subtraction osteotomy for the treatment of fixed sagittal imbalance: Surgical technique.
INTRODUCTION
Treatment of fixed sagittal imbalance involves performing osteotomies to shorten the spine. One option is to perform multiple Smith-Petersen procedures, which do not directly address the anterior column of the spine. Another option is to perform a pedicle subtraction osteotomy, which usually achieves about 30° of lordosis. Performance of that procedure amounts to performing two Smith-Petersen osteotomies as well as resection of the pedicles and vertebral body bilaterally from a posterior approach. This accomplishes approximately as much correction as can be achieved with three Smith-Petersen osteotomies, but it is technically much more demanding. The advantage of the pedicle subtraction osteotomy is that, when the osteotomy is completed, there is bone-on-bone contact throughout all three columns of the spine.
SURGICAL TECHNIQUE
Step 1: Prior to the initiation of the osteotomy, the fixation points should be placed. In the illustrations in this article, pedicle screws are depicted. Next, a laminectomy is performed and the necessary posterior elements are resected ( Fig. 1 ). If there is no coronal plane deformity, the wedge should be made symmetrically on both sides. When resecting the posterior elements, the surgeon should start off using hand instruments such as Leksell rongeurs, osteotomes, and curets to try to retain as much bone graft as possible. Then, if needed, a high-speed air-drill is used to thin the posterior elements. Finally, a Kerrison rongeur is used to surround the pedicles. The first step of surrounding the pedicles is to resect bone centrally and then to perform, in essence, a Smith-Petersen osteotomy both cephalad to and caudad to the pedicles on both sides. This involves exposing the nerve ABSTRACT BACKGROUND: Fixed sagittal imbalance (a syndrome in which the patient is only able to stand with the weightbearing line in front of the sacrum) has many etiologies. The most commonly reported technique for correction is the Smith-Petersen osteotomy. Few reports on pedicle subtraction procedures (resection of the posterior elements, pedicles, and vertebral body through a posterior approach) are available in the peer-reviewed literature. We are aware of no report involving a substantial number of patients with coexistent scoliosis who underwent pedicle/vertebral body subtraction for the treatment of fixed sagittal imbalance.
METHODS:
Twenty-seven consecutive patients in whom sagittal imbalance was treated with lumbar pedicle subtraction osteotomy at one institution were analyzed. Radiographic analysis included assessment of continued root caudad to the pedicle, which, in the case illustrated, is the L3 nerve root. As the pedicles are circumferentially surrounded, they are detached from the transverse processes.
Step 2: The next step is to decancellate the pedicles and vertebral body (Fig. 2) . The medial wall of the pedicle is identified, and the thecal sac and the nerve root are retracted with a Penfield retractor to identify the posterior wall of the vertebral body. It is helpful to move straight and curved curets and Woodson elevators back and forth from one side to the other until the resection of the vertebral body connects one side to the other. If there is bleeding from epidural vessels cephalad and caudad to the pedicles, it is best controlled ABSTRACT | continued thoracic kyphosis, lumbar lordosis, lordosis through the pedicle subtraction osteotomy site, and the C7 sagittal plumb line. Outcomes analysis was performed with use of a before-and-after pain scale, items from the Oswestry questionnaire, and the Scoliosis Research Society (SRS) questionnaire after a minimum duration of follow-up of two years. Complications and radiographic findings were also analyzed for the entire group.
RESULTS:
Overall, the average increase in lordosis was 34.1° and the average improvement in the sagittal plumb line was 13.5 cm. One patient had development of a lumbar pseudarthrosis through the area of pedicle subtraction osteotomy, and six patients had development of a thoracic pseudarthrosis. Two patients had development of increased kyphosis at L5/S1, caudad to the fusion, resulting in some loss of sagittal correction. There were significant improvements in the overall Oswestry score (p < 0.0001) and the pain-scale score (p = 0.0002). Most patients reported improvement in terms of pain and selfimage as well as overall satisfaction with the procedure.
CONCLUSIONS:
Pedicle subtraction osteotomy is a useful procedure for patients with fixed sagittal imbalance. A worse clinical result is associated with increasing patient comorbidities, pseudarthrosis in the thoracic spine, and subsequent breakdown caudad to the fusion. 
CRITICAL CONCEPTS

INDICATIONS:
The main candidate for a pedicle subtraction osteotomy is a patient with some component of fixed sagittal imbalance who needs to have approximately 30° of additional lordosis.
The four most common presentations are: 1. A patient who previously had surgery for idiopathic scoliosis, usually with instrumentation and fusion to L3 or L4, in whom the lumbar spine was fused with a component of hypolordosis and the discs subsequently degenerated at L3-L4, L4-L5, and L5-S1.
2.
A patient with what we term a "degenerative sagittal imbalance." Such a patient has usually had several lower lumbar fusions for degenerative spine disease. With each fusion, the tendency is to lose some lower lumbar lordosis. Subsequently, the segments above degenerate and fall into kyphosis, and the patient is not able to stand erect. 
CONTRAINDICATIONS:
In order to benefit from the pedicle subtraction surgery, the patient has to be physiologically young enough and not have substantial comorbidities. Relative contraindications are psychiatric disease, diabetes, osteoporosis, substantial cardiopulmonary disease, and poor family or social support. An older patient who does not have a fusion mass and needs to have a substantial number of segments treated with instrumentation and fusion is a relatively poor candidate because of the much lower likelihood of achieving a solid fusion throughout all of the segments.
Also, the amount of correction that is desired needs to be matched to the surgical procedure. If the patient needs only 10° to 20° of lordosis or 4 to 7 cm of correction of the C7 plumb, then it may be more appropriate to perform a more limited number of Smith-Petersen osteotomies rather than doing a pedicle subtraction procedure.
Pedicle subtraction procedures can be performed through areas in which a laminectomy had been performed, but it is more technically challenging to do so and the likelihood of achieving a solid fusion is much lower than the likelihood with a pedicle subtraction procedure through a solid fusion mass.
continued Greenstick fracture and resection of the posterior vertebral cortex.
FIG. 4
Resection of the lateral walls and central canal enlargement. Note the v-shaped wedge.
FIG. 5
with a surface hemostatic agent and packing with cottonoids. At this point of the procedure, one should try to preserve the medial wall of the pedicle.
Step 3: Next, the pedicle stump is resected on both sides flush with the vertebral body (Fig. 3) . This is done with a combination of a Kerrison rongeur from within the pedicle and a thin Leksell rongeur from without. Care should be taken to retract the neural elements so that the exiting nerve root is not injured during the process.
Step 4: The next step is to finish the resection of the posterior wall of the vertebral body. Working underneath the posterior vertebral cortex, the surgeon thins the cortex as much as possible with curets and Woodson elevators. Once the posterior wall of the vertebral body is thin enough, a Woodson elevator or a substantial reverse-angled curet is placed between the anterior dura and the posterior vertebral cortex and pushed anteriorly to create a greenstick fracture of the posterior vertebral cortex. The fractured posterior cortex is then removed (Fig.  4) . At this point, the osteotomy is still stable because the lateral vertebral body walls remain intact. The amount of the posterior wall that is removed should be symmetrical.
CRITICAL CONCEPTS | continued
CONTRAINDICATIONS (continued):
Patients with a degenerative cause of the sagittal imbalance are much less likely to have a good result than are those in the other three categories described under "Indications." In part, this relates to the fact that these patients are older and usually have more segments that have to be incorporated into the fusion. Furthermore, in general, the more previous spine procedures that a patient has had, the less likely he or she is to have an excellent result.
PITFALLS:
The principal problems that we have had with the procedure are: (1) neurologic deficit, (2) pseudarthrosis, (3) blood loss, and (4) proximal junctional kyphosis.
If the procedure is done through a prior fusion mass, then the likelihood for healing with posterior-only surgery is quite high. However, it is important to close down the lateral masses very tightly. Although not everybody agrees with us, our preference is to always enlarge the spinal canal somewhat more centrally and to pass a nerve hook or Woodson elevator north, south, east, and west to be sure that there is no dorsal compression of the dura and also to watch carefully and evaluate the extent of dorsal dural buckling that occurs. It would appear that as long as the lateral masses are squeezed together very tightly, leaving the canal somewhat open centrally does not compromise the likelihood of achieving a solid fusion.
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Closure of the osteotomy and final instrumentation.
FIG. 6
Step 5: Next, the spinal canal is enlarged centrally somewhat more with use of Kerrison rongeurs, but the surgeon must be sure that the lateral masses remain symmetrical. In preparation for resection of the lateral vertebral body walls, the surgeon first dissects them with a small Cobb or Penfield elevator. The lateral vertebral cortex should be hugged during the dissection so that the segmental vessel is not injured. Then, a Leksell rongeur is used to resect the lateral vertebral body walls down to, but not through, the anterior cortex (Fig. 5 ). Once this is accomplished on both sides, the osteotomy is complete.
Step 6: The final step is to close the osteotomy (Fig. 6 ). Depending on the circumstance, this can be accomplished by either applying compression or cantilevering the spine. Also, hyperextending the patient's chest and lower extremities may accomplish closure. Sometimes, when this step is performed, subluxation occurs, most commonly with the proximal elements subluxating dorsally on the distal elements. If this does occur, the subluxation needs to be reduced anatomically as the final implants are placed. When the construct is complete and the osteotomy is closed on both sides, the spinal canal is dissected, first with a nerve hook and then with a Woodson elevator to confirm that there is no dorsal compression of the dural sac. The lateral masses should be squeezed together very tightly to promote stability and osteogenesis.
CRITICAL CONCEPTS | continued
PITFALLS (continued):
We have found that spinal cord monitoring is not always predictive of neurologic deficits. A global spinal cord or cauda equina syndrome is usually predicted, but compression of one or two nerve roots unilaterally may not be identified by any type of intraoperative monitoring (dermatomal, somatosensory, or spontaneous electromyographic monitoring). Thus, we always perform a wake-up test after we close the osteotomy.
The problem of substantial blood loss has been reduced quite a bit by using surface hemostatic agents and packing. Most of the intraoperative bleeding actually occurs from epidural vessels, not from the bone. Also, when we have to remove quite a bit of instrumentation and then establish many new fixation points through distorted anatomy, we find that it is often beneficial to perform the surgery in stages. In the first stage, the implants are removed and new fixation points are created. In the second stage, we perform the osteotomy. Staging the procedure reduces the amount of blood loss during one procedure.
Pseudarthrosis is most likely to occur when the pedicle subtraction procedure is performed through an area without prior fusion. Also, it may be difficult to achieve a solid fusion at segments that are added to the construct. Furthermore, if the pedicle subtraction procedure is performed through an area of previous pseudarthrosis, nonunion is possible. Thus, the pedicle subtraction procedure does not totally eliminate the need for anterior surgery in some patients.
For patients with osteoporosis and degenerative sagittal imbalance, our preference has often been to try to end the fusion in the lower thoracic or upper lumbar spine rather than automatically extending it cephalad to T3 or T4. We do this both to limit the magnitude of the procedure and to reduce the number of fusion segments that are being added cephalad. However, a problem that has occasionally occurred is fracture of the vertebral body at the upper level or one level cephalad to it. The exact remedy for this problem is not entirely clear. A brace provides some protection, but patients often are not compliant with regard to wearing the brace.
AUTHOR UPDATE:
The use of staging and topical hemostatic agents was discussed in the "Pitfalls" section of this article. To some extent, we have recently been more restrictive with regard to the kind of patient we will consider for the procedure on the basis of comorbidity factors previously discussed.
We always try to resect as much of the pedicle as we can. Leaving behind some residual pedicle produces a risk of foraminal stenosis. In many cases, it is possible to perform a pedicle subtraction procedure safely and to close it down all the way across without causing dural impingement if the osteotomy has been adequately undercut. However, in some instances, undercutting the osteotomy centrally is not adequate. Therefore, our preference is to always create a central enlargement that allows us to use a tool such as a Woodson elevator or a nerve hook to explore the spinal canal dorsally cephalad and caudad (Fig. 6) . 
